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In Brief
Salih et al. present the atomic structure of a contracted sheath of a type VI secretion system, revealing unique features. Comparison with other systems suggests a conserved sheath contraction mechanism among T6SS groups. Modeling the extended state, the authors suggest a coiled-spring-like mechanism for T6SS sheath contraction.
INTRODUCTION
The type VI secretion system (T6SS) is a contractile injection machine widely distributed among Gram-negative bacteria. Bacteria use the T6SS to directly deliver effectors into bacteria or eukaryotic cells (Cianfanelli et al., 2016) . T6SSs are therefore crucial for virulence of many bacterial pathogens, including Pseudomonas aeruginosa, which has three gene clusters (H1-, H2-, and H3-T6SSs) encoding them (Sana et al., 2016) .
The T6SS apparatus consists of around 13 core components and resembles bacteriophage tails (Ho et al., 2014) . The current model of the T6SS suggests that its core components form three subassemblies: (1) a membrane anchoring complex (Durand et al., 2015) , (2) a baseplate (Brunet et al., 2015; Planamente et al., 2016) , and (3) a tail-like structure. The last is the most distinctive feature of the T6SS and is made of Hcp, VgrG, and a sheath-like structure. The T6SS sheath comprises two proteins, TssB (VipA/IglA) and TssC (VipB/IglB), which form tubular structures similar to the T4 phage gp18 sheath Lossi et al., 2013; Clemens et al., 2015; Kudryashev et al., 2015) .
The T4 phage sheath assembles in a high-energy extended state from the baseplate around the rigid gp19 tube serving as a scaffold. Upon receiving cell-contact-dependent stimuli, the basal complex undergoes conformational changes that trigger sheath contraction, injecting DNA into target cells (Yap and Rossmann, 2014) . It is thought that mechanisms of sheath assembly and contraction are conserved among contractile injection systems, including T6SSs, R-type pyocins, and phage-like protein translocation structures (Kube and Wendler, 2015) . By comparison with phage assembly, one can propose that in the T6SS the VgrG spike is surrounded by baseplate-like wedges upon which Hcp hexamers assemble to form a rigid tail tube, while the TssBC sheath wraps around the tube in an extended conformation. Upon sheath contraction the T6SS fires Hcp/ VgrG and bound toxins and is subsequently recycled by the AAA+ ATPase ClpV, which binds the contracted sheath to disassemble it ( Figure S1A ; Kapitein et al., 2013; Kube et al., 2014) . The latter feature is not conserved in phages since no tail recycling is needed. Thus, T6SS activity relies on the proper assembly and contraction of its TssBC sheath, and atomic details of such structures are crucial to unravel the mechanism of action.
T6SS sheath dynamics have been studied in vivo using live imaging Vettiger et al., 2017) , and cryoelectron microscopy (cryo-EM) structures of T6SS sheaths from Vibrio cholerae and Francisella tularensis are known (Clemens et al., 2015; Kudryashev et al., 2015) . However, mechanisms associated with T6SS sheath contraction remain speculative and a robust model of an extended conformation of the T6SS sheath has not been reported.
Three distinct T6SS subtypes exist (Russell et al., 2014) 
RESULTS AND DISCUSSION
Cryo-EM Structure of the TssB1C1 Sheath of Pseudomonas aeruginosa P. aeruginosa TssB1 and TssC1 proteins produced in Escherichia coli spontaneously assemble (1:1 stoichiometry) to form tubes (Lossi et al., 2013) . Here, we optimized the purification conditions of the recombinant TssB1C1 complex by using a more gentle cell lysis method and screening pH and salt concentration to obtain long, unbroken tubes to pursue cryo-EM analysis. TssB1C1 tubes vary in length (300-5,000 A) and have an outer diameter of 290 A and an inner channel width of 120 A. Side views of the sheath reveal a diagonally striated pattern that is characteristic of helical assemblies. Top views of short tubes are cogwheel-like in appearance and predominantly show 13-fold symmetry, although we also observed a few 12-fold symmetric tubes ( Figure 1A ). Since 12-and 13-fold symmetries are present, and given that all known contractile systems have 12-fold symmetry, we assume the 13-fold symmetry of the TssB1C1 sheath is due to sample preparation. This is further supported by negative-stain EM data showing that TssB1C1 sheaths produced in the native host P. aeruginosa have 12-fold symmetry ( Figure S1B ).
To determine an atomic model of TssB1C1, we froze tubes purified from E. coli and collected a cryo-EM dataset. The 3D structure of TssB1C1 was obtained at 3.3 A resolution using helical reconstruction within RELION (He and Scheres, 2017; Figures 1B, S1, and S2) . The atomic model of TssB1C1 was built using a combination of de novo and molecular replacement methods. For the latter, we used the VipAB structure (PDB: 3J9G; Kudryashev et al., 2015) as a search model, and once docked into the TssB1C1 sheath cryo-EM density map, non-conserved residues were changed. De novo techniques were used to manually rebuild a number of loops and turns to give our initial TssB1C1 heterodimer model. Compared with the VipAB structure, additional residues could be built toward the termini of the two protein chains. Initially, the repeating unit of the TssB1C1 heterodimer alone was refined against the electron density map. Then, the larger symmetrical assembly was refined against the EM map. The final 3D model of the 13-fold symmetric TssB1C1 sheath has a helical rise and twist of 20.2 A and 27.7
, respectively, and presents a right-handed six-start helical assembly composed of discrete densities corresponding to the heterodimers. The helical organization of TssB1C1 protomers results in 13 parallel stiles that run along the sheath length and correspond to the spokes of the cogwheels in projection ( Figure 1A ). Side and cut-away views ( Figures 1B and S1 ) of the reconstruction show the 13-mer sheath as being composed of non-planar discs, each comprising 6.5 heterodimers for every 360 turn of the sheath due to a 3.36 Å axial rise difference between units.
All solved sheath structures are 12-fold helical tubes with outer diameters of 240-330 A and channel widths of 100-120 A in their contracted states. For a reliable comparison with related sheath structures, we generated a 12-fold symmetry model of P. aeruginosa TssB1C1. We used the homologous V. cholerae VipAB structure (PDB 3J9G) as a template and potential packing differences with the obtained 13-fold structure were investigated. As anticipated, the 12-fold symmetric TssB1C1 sheath model is very similar to the V. cholerae VipAB assembly with a helical rise and twist of 22.1 A and 29.6
, respectively. The 12-mer model of TssB1C1 has a slightly larger interface area of 9,461 A 2 compared with the VipAB assembly (8,757 A 2 ). The main difference between the 12-and the 13-mer TssB1C1 assemblies is the buried surface area (13-mer 9,877 A 2 and 12-mer 9,461 A 2 ; Table S1 ), which is due to the difference in subunit packing in these assemblies.
Although a T6SS tail-tube/sheath complex has not been isolated yet, it is thought that the inner channel of the sheath can accommodate a rigid tube made of stacked Hcp hexamers. The symmetry and dimensions of the inner tube protein Hcp are similar to those of known contractile systems, namely gp19 in T4 phage and the pyocin tube protein (Kostyuchenko et al., 2005; Ge et al., 2015) . Moreover, in R-type pyocins, the inner tube binds to the sheath mainly through electrostatic interactions, which has also been shown for the Hcp-sheath interaction in the T6SS of Edwardsiella tarda (Jobichen et al., 2010) .
Altogether these findings strengthen the idea that despite differences in amino acid composition and sheath dimensions, tails of contractile machines have a conserved helical assembly and related mechanisms.
Atomic Details of the TssB1C1 Assembly
The final model of the TssB1C1 heterodimer ( Figure 1C ) obtained from the EM map has good stereochemistry and refinement statistics (Figures 1D and S2; Table 1 ). We were unable to trace a small number of residues located at the outer extremity of the sheath and termini (residues M1-S3 and M136-A172 for TssB1 and M1-A37 for TssC1), as the EM density is less resolved. However, we were able to trace an additional TssC1 N-terminal a helix (H1; residues E39-E54) and loop (residues Q55-K65) in the outer sheath layer (Figure 2 ) that were not resolved in previous sheath structures ( Figure 3 ; Clemens et al., 2015; Kudryashev et al., 2015) .
The TssB1C1 heterodimer within the helical assembly of the sheath forms an intricate packing arrangement that is organized in three domains (domains 1, 2, and 3; Figure 1C ). Two b strands of TssC1 (b11 and b12) are joined by two donor b strands, one from a neighboring TssC1 subunit (b13) within the same protofilament and the other from an adjacent TssB1 subunit (b1) in a different protofilament, but within the same disc, to form a b sheet interaction (handshake interaction) at the inner layer of the sheath (domain 1; Figure 2Bi ). The protruding arms of the heterodimer contribute in a similar manner to the folds of nearby subunits, i.e., TssB1 N-terminal b strand and TssC1 C-terminal b strand form inter-and intra-protofilament interactions, respectively. Two b strands of TssB1 (b2 and b3) interlaced with five b strands from TssC1 (b1-b4 and b8) form a twisted seven-stranded b sheet flanked by a helices in the middle layer of the sheath wall (domain 2; Figure 2Bii ). Two a helices (residues D117-L133 of TssB1 and S66-M86 of TssC1) and a third a helix (residues E39-E54 of TssC1) form a tri-helical bundle (domain 3; Figure 2Biii ). This third a helix is in an extended conformation in our TssB1C1 sheath, radiating away from its originating heterodimer and interacting with an adjacent heterodimer directly below that belongs to a different protofilament, but is positioned within the same stile of the helical assembly (Figure 2) .
Interface interactions between the TssB1 and the TssC1 proteins observed here are very similar to those demonstrated between homologous TssB and TssC subunits, where the N terminus of TssC and a C-terminal a helix of TssB are important for the TssB-TssC interaction (Zhang et al., 2013; Clemens et al., 2015; Kudryashev et al., 2015) . There are very few changes in interactions within the TssB1C1 heterodimer in the 13-mer structure versus the 12-mer model (Table S1 ). All major inter-protomer contacts are maintained. This may explain why TssB1C1 can assemble in both conformations in vitro. The tri-helical bundle interactions undergone by the TssC1 a helix H1 resolved in the TssB1C1 structure are also maintained in the 12-mer model. Moreover, this helix is conserved in V. cholerae VipB, Francisella novicida IglB, and P. aeruginosa TssC2 (H2-T6SS) and TssC3 (H3-T6SS) sheath proteins ( Figures S3 and S4 ). This suggests that the tri-helical vertical packing interactions along stiles we observe for P. aeruginosa TssB1C1 tubes is common to a number of contractile systems.
Sheaths of Contractile Systems Share a Common Assembly
The T6SS sheath subunit is thought to be evolutionarily related to the T4 phage sheath protein gp18 (PDB 3FOA, 3FOH, 3FOI, and 3J2N; Aksyuk et al., 2009; Fokine et al., 2013) . The fold of the TssB1C1 heterodimer resembles gp18 with various insertions and deletions. Although protein sequence-based alignments only showed homology between TssC and gp18 (Lossi et al., 2013) , the structural overlay between gp18 and the TssB1C1 heterodimer shows that domains 1 and 2 are conserved ( Figure 3A ). Major differences between these two sheath subunits are domains 3 and 4. In the T4 phage, domains 3 and 4 are located at the outer sheath layer. In the T6SS sheath, the insertion of domain 3 into domain 2 and the related angle are different compared with T4 phage ( Figure 3A) and thus have an impact on the outer sheath layer. Studies from V. cholerae showed that the ATPase ClpV targets the N-terminal helix of VipB (TssC) located at the outer layer of the contracted sheath (domain 3; Pietrosiuk et al., 2011; Kube et al., 2014) . Therefore, the divergence of the outer layers of T6SS sheaths, compared with those of contractile phage tails, may be related to their ClpV-specific recycling ability. Supporting this is the absence of domain 3 in the P. aeruginosa R2 pyocin sheath (PDB: 3J9Q and 3J9R), which consists of only two domains (domains 1 and 2; Figure 3B ). Similar to contractile phages, R-type pyocins are also not recycled.
Comparison of TssBC sheath sequences from the three P. aeruginosa T6SSs (H1-, H2-, and H3-T6SS) shows a high degree of sequence similarity, with sequence identity of 33% between TssB1C1, TssB2C2, and TssB3C3. The main differences are within loop regions, suggesting that the assembly of P. aeruginosa sheaths from different clusters is highly conserved. Additional N-and C-terminal deletions of TssB2 and TssC2, respectively, compared with TssB1C1 ( Figures  S3 and S4 ) may affect TssB2C2 sheath assembly/stability since these deletions occur near tube-forming handshake interactions. This raises the question about possible differences in assembly/contraction mechanism between these systems within P. aeruginosa. One possibility is that the T6SS sheaths have subtle differences in their assembly/ contraction efficiency, which may represent redundancy within P. aeruginosa to maintain killing effectiveness under different conditions or targets.
T6SS Sheath Contraction: A Coiled-Spring-like Mechanism
Upon a trigger, the sheath rapidly contracts into a low-energy state injecting the Hcp tube/VgrG spike and associated toxins into target cells. Mechanisms associated with sheath contraction have been described for T4 phage tails and R-type pyocins whose extended and contracted conformers have been determined by cryo-EM (Leiman et al., 2004; Kostyuchenko et al., 2005; Ge et al., 2015) .
Isolating T6SS sheaths in their extended state has not been successful to date. We therefore generated a thermodynamically stable model of an extended TssB1C1 tube with 12-fold symmetry to study the contraction event of the T6SS sheath. Molecular modeling was based on the extended structure of P. aeruginosa R2 pyocin, representing the closest homolog to TssB1C1, compared with gp18 ( Figure 3B) . The extended TssB1C1 model is a helical assembly with a rise and twist of 38.2 A and 18.5 , respectively ( Figure 4A ). This is in agreement with the molecular architecture and helical parameters observed in the extended conformation of the T6SS sheath obtained from the 3D volume of the subtomogram average from Myxococcus xanthus cells (Chang et al., 2017) . During contraction, a 45 rotation clockwise about an axis perpendicular to the helical axis occurs, as well as translational shifts, which altogether result in 33% shortening and 48% widening of the sheath, with concomitant 42% decrease in helical rise and 60% increase in helical twist. Also, a slight increase in channel width is observed from 85 to 110 A for extended and contracted models, respectively. Remarkably, the M. xanthus TssBC sheath shortens by the same amount as our TssB1C1 assembly during contraction (Chang et al., 2017) , similar to that undergone by VipAB tubes . Upon TssB1C1 sheath contraction, the total buried surface area contributed by intrastrand interactions between heterodimers decreases, whereas inter-strand interactions increase (Table S1) .
Morphing between both conformations of the T6SS sheath demonstrates that the transition from extended to contracted state is similar to that of a coiled-spring motion involving the movement of sheath subunits as rigid bodies (Movie S1). Our TssB1C1 modeling shows a mechanism similar to that described for R2 pyocins despite the difference in domain conservation . The protruding arms of TssB1C1 that form part of the handshake interactions with neighboring subunits act as molecular hinges facilitating this transition (Figure 4) .
While extensive subunit movements are observed upon contraction, sheath subunits undergo only negligible changes. Clashes were observed between neighboring TssB1C1 subunits due to the extra TssC1 N-terminal a helix and loop (residues R38-I64; domain 3), which are not present in the R2 pyocin. Therefore, this region remains difficult to model accurately without prior positional knowledge. In our previous study, we showed that the P. aeruginosa TssC1-ClpV1 interaction differs with what has been described for V. cholerae (Forster et al., 2014) . In the latter, the N terminus of VipB (TssC) is thought to be inaccessible for ClpV in the extended conformation of the sheath, preventing thus premature sheath disassembly (Pietrosiuk et al., 2011; Kapitein et al., 2013; Kube et al., 2014) . Therefore, these differences highlighted between the P. aeruginosa H1-T6SS sheath-ClpV versus the V. cholerae sheath-ClpV binding mode do not allow any positioning of the N terminus of TssC1 in the extended model.
From our modeling, we estimate a À9.7 kcal/mol difference in free energy between the extended and the more stable contracted sheath, which is comparable with that calculated for R2 pyocins Table S1 and Movie S1.
at À12 kcal/mol . The estimate of the energy release during contraction of the T4 phage sheath is À25 kcal/ mol (Arisaka et al., 1981) and is higher than that estimated for the TssB1C1 sheath. The contracted T4 phage sheath has more compact packing than TssB1C1 due to the size and rearrangement of the gp18 protomer, which could explain the difference in energy release. However, taking into account the size of T6SS sheaths in situ, which are much longer than phage tails, one can speculate that this difference in length can compensate for the global amount of energy released by the T6SS during contraction.
To estimate the total energy released during T6SS sheath contraction, the difference in free energy between the extended and the contracted states is combined with the number of subunits within a defined sheath length. The longest TssB1C1 assembly observed in our micrographs measured $5,000 A in length, which, extrapolating from our modeling, would be composed of $1,150 sheath subunits. Therefore, the total energy released during contraction of the TssB1C1 sheath could be $11,000 kcal/mol, which is slightly larger than half the general estimate provided for a T6SS sheath twice as long at $18,000 kcal/mol (Basler, 2015) .
In summary, our modeling shows that upon contraction, TssB1C1 can undergo conformational transitions similar to that described for R-type pyocins and contractile phages despite these systems being evolutionarily distant. Here we have solved the structure of a T6SS sheath from P. aeruginosa, a representative of group 3 T6SS i . Our structure reveals key features for T6SS sheaths such as the extended TssC1 N-terminal a helix that forms an inter-protofilament tri-helical bundle at the outer layer of the contracted sheath. We show that sequence variations between different T6SS groups would not affect the overall structure, suggesting that sheath contraction is a highly conserved mechanism. Based on sequence comparisons with the pyocin sheath, we modeled an extended conformation of the TssBC sheath and propose a spring-like mechanism for sheath contraction. Despite sequence conservation between T6SS sheaths, it will be important to determine whether the observed subtle differences between sheath classes ( Figure S5 ) influence sheath stability/dynamics. Such knowledge may help in the development of targeted novel therapeutics.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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A single round of helical 3D auto-refinement using motion-corrected sum images was performed to give an initial converged structure. During iterative refinement, no masking was carried out, C1 point-group symmetry was used and helical symmetry was locally searched and refined within a range of 0.2 Å and 3 for helical rise and twist, respectively. For out-of-plane tilts and in-plane rotations (psi) of extracted segments, we adopted search ranges of +/-20 and +/-15 , respectively, around their angular priors estimated from auto-picking. The reconstruction from 3D auto-refine was masked and post-processed, B-factor sharpening the reconstruction and correcting for the effects of convolution due to masking using phase randomization. Subsequent movie refinement and particle polishing gave ''shiny'' particles with improved signal-to-noise ratios. These were then subjected to another round of helical 3D auto-refinement, masking and post-processing to give the final correctly converged structure at 3.3 Å resolution based on the gold-standard 0.143 Fourier Shell Correlation (FSC) criterion. The mask used for post-processing only covers the central 30 % length of the box to exclude the top and bottom parts of the reconstruction that might be affected by slight alignment inaccuracies (He and Scheres, 2017) . The final, refined helical parameters for rise and twist used to obtain the structure were 3.36 Å and -55.4
, respectively. However, based on the connectivity between neighboring TssB1C1 heterodimeric subunits, this helical symmetry is equivalent to a rise and twist of 20.2 Å and 27.7 , respectively. ResMap (Kucukelbir et al., 2014) was used to estimate the local resolution of the final structure.
Atomic Building and Modeling
The V. cholerae VipAB heterodimer (PDB 3J9G) was placed into the electron density map of the TssB1C1 sheath. Non-conserved residues were changed and a number of loops were rebuilt manually using Coot (Emsley et al., 2010) . Iterative rounds of manual model building and automated refinement was performed in both reciprocal-and real-space using REFMAC (Murshudov et al., 1997) and PHENIX (Adams et al., 2010) , respectively. This ultimately led to the successful tracing of $ 89 % of the structure (132 residues from a total of 172 for TssB1 and 461 residues out of 498 in total for TssC1), which has good protein geometry and fit to the experimental density with small differences between FSC WORK and FSC TEST cross-validation curves (Fernandez et al., 2014) , demonstrating that an optimal weight between the geometric restraints and density fit was used to prevent over fitting during refinement. The final refined atomic structure has a B-factor distribution that is in close agreement with the local resolution of the final 3D electron density map. The quality of the final atomic structure was assessed using MolProbity .
Models of TssB1C1 assemblies with 12-fold symmetry were generated in extended and contracted conformations based on the structures of P. aeruginosa R2 pyocin (PDB 3J9Q) and V. cholerae VipAB sheath (PDB 3J9G), respectively. Homology modeling of the N-terminal ''arm'' of TssB1 (residues 15-38) was based on the structural template provided by the R2 pyocin N-terminal ''arm'' (residues 2-25) that undergoes a conformational change in the extended state (PDB 3J9Q). Following loop modeling (MacDonald et al., 2013) in the region between the N-terminal ''arm'' and the folded portion of TssB1, an initial extended model of the TssB1C1 assembly was generated by re-aligning the modified TssB1C1 heterodimer to the constituent sheath subunits of R2 pyocin in the extended conformation. TssC1 residues 38-64 were removed from the sheath extended state due to clashes. The initial contracted and extended TssB1C1 sheath models with helical symmetry were then energy minimized using the Rosetta molecular modeling suite (Leaver-Fay et al., 2011) .
Protein structures and maps were visualized using Coot (Emsley et al., 2010) , PyMOL (Schrö dinger, LLC) and UCSF Chimera (Pettersen et al., 2004) . Figures were produced using PyMOL and UCSF Chimera. The movie showing sheath contraction was generated in UCSF Chimera using the ''morph conformations'' command.
Structural alignments were performed using RaptorX (Wang et al., 2013) . Buried surface areas and interaction surfaces between protomers in the sheath structures and models were calculated using PISA (Krissinel and Henrick, 2007) . Structures were e2 Structure 26, 329-336.e1-e3, February 6, 2018 superposed in Coot (Emsley et al., 2010) and the corresponding root mean square deviation (RMSD) values were calculated using the SSM superpose function.
Bioinformatic Analysis
Protein sequences have been retrieved from the Pseudomonas genome database (http://www.pseudomonas.com) and NCBI (https://www.ncbi.nlm.nih.gov/). Sequence alignment of TssB and TssC proteins with their homologues in V. cholerae and F. novicida have been performed using MAFFT and alignment images were generated using the web server ESPript 3 (http:// espript.ibcp.fr). For phylogenetic analysis, protein sequences were retrieved by a BLASTP search using concatenated sequences of TssB1C1, TssB2C2 and TssB3C3 from P. aeruginosa as query against the Kyoto Encyclopedia of Genes and Genomes database (KEGG) (http://www.genome.jp/tools/blast/). The sequence of F. novicida IglAB was also included. TssBC sequences were aligned using MUSCLE (MUltiple Sequence Comparison by Log-Expectation) and likelihood-based phylogenetic analysis was conducted using MEGA version 7 (Kumar et al., 2016) .
DATA AND SOFTWARE AVAILABILITY
The 13-fold symmetric cryo-EM density map of the contracted sheath has been deposited in the Electron Microscopy Data Bank under accession number EMD-3600. The 13-fold symmetric atomic model built into the EM map has been deposited in the Protein Data Bank under accession code PDB 5N8N. The 12-fold symmetric extended and contracted models are available upon request.
